Nuclear spin hyperpolarization of 13 C-labelled metabolites by dissolution dynamic nuclear polarization can enhance the NMR signals of metabolites by several orders of magnitude, which has enabled in vivo metabolic imaging by MRI. However, because of the short lifetime of the hyperpolarized magnetization (typically o1 min), the polarization process must be carried out close to the point of use. Here we introduce a concept that markedly extends hyperpolarization lifetimes and enables the transportation of hyperpolarized metabolites. The hyperpolarized sample can thus be removed from the polarizer and stored or transported for use at remote MRI or NMR sites. We show that hyperpolarization in alanine and glycine survives 16 h storage and transport, maintaining overall polarization enhancements of up to three orders of magnitude.
D issolution dynamic nuclear polarization (d-DNP) 1,2 is a powerful method to enhance nuclear magnetic resonance (NMR) signals by several orders of magnitude, notably in 13 C-labelled metabolites. The production of 13 C-hyperpolarized metabolites has opened the way to a broad range of novel experiments, such as the detection of intermediates in fast chemical reactions 3 the observation of protein folding in real time 4 or the detection and monitoring of cancer in humans 5 . In d-DNP experiments, the 13 C metabolites are usually polarized at low temperatures (1.2oTo4.2 K) and moderate fields (usually 3.35oB 0 o6.7 T) either directly 6 or indirectly [7] [8] [9] [10] by 1 H- 13 C cross-polarization (CP) 11, 12 . The sample formulation usually consists of a homogeneous aqueous mixture of paramagnetic polarizing agents (PAs) and metabolites sometimes containing a glass-forming agent such as glycerol. The frozen solution is then dynamically polarized by microwave irradiation. The formation of a glass upon freezing is critical for efficient DNP 13, 14 . Alternatively, the PAs can be covalently attached to the surface of mesostructured materials that are impregnated with aqueous solutions of metabolites 15 , in which case one can dispense with glass-forming agents. The PAs may also be generated in situ by ultraviolet irradiation 16 . However, intimate contact of the nuclear spins with the PA leads to paramagnetic relaxation that is exacerbated at low fields and thus requires dissolution of the sample directly in the cryostat. Hyperpolarized solutions have lifetimes T 1 ( 13 C)B30-60 s in carboxyl groups that are sufficiently long for immediate imaging or spectroscopy, but not for transport of the sample to a distant user site.
After DNP at low temperature, the glassy mixture is rapidly melted at high field inside the DNP polarizer, and the resulting hyperpolarized solution is rapidly transferred to an NMR or magnetic resonance imaging (MRI) magnet. The hyperpolarization lifetime following dissolution is determined by the 13 C longitudinal relaxation time T 1 ( 13 C) in solution. The requirement of melting samples within the polarizer is one of the major limitations of d-DNP. It obviously implies that each NMR or MRI magnet needs to have a dedicated DNP polarizer located within a few metres. All attempts to remove the hyperpolarized solid sample from the polarizer, transport it and melt it remotely have so far failed. The reason for this is simply that T 1 ( 13 C) becomes prohibitively short in the frozen solid samples at low magnetic fields because of the close proximity of the 13 C spins to the statistically dispersed PAs 17 . To remove the polarized solid from the polarizer, the PAs and the substrate would need to be physically separated from each other, yet close enough for the PAs to polarize the substrate.
This can be achieved by preparing DNP samples with a suitable multi-component nano-or micro-particulate architecture. The radical-rich phase (RRP) contains the PAs and abundant spins such as protons, and the other radical-free phase (RFP) contains the molecules to be enhanced and the same abundant spins. The abundant protons are directly and rapidly polarized by DNP in the RRP, and this polarization is then slowly relayed to the protons of the RFP by proton-proton spin diffusion. The time needed for spin diffusion to propagate the proton polarization from the RRP to the RFP depends on the size of the RFP domains. Nano-crystalline suspensions have been polarized by DNP relayed by spin diffusion by van der Wel et al. in magic angle spinning studies of amyloid fibrils [18] [19] [20] [21] . More recently, the concept of DNP relayed by spin diffusion has been generalized to micro-particulate samples by Emsley and co-workers, who showed that this could lead to substantial polarization in ordinary organic solids and provide information about domain structures, for example, in pharmaceutical formulations [22] [23] [24] . However, all of these studies were performed in combination with magic angle spinning DNP at temperatures B100 K.
In this communication, capitalizing on this concept of DNP relayed by spin diffusion, we show how micro-particles can be hyperpolarized in trapped states with high polarization The curves show single-and bi-exponential fits to the data, as described in the text. (c) 1 H-13 C cross-polarization (CP). Several CP pulse sequences (see methods for details on the pulse sequence) are applied to transfer the proton polarization in the RFP to carbon-13 of the metabolites. The graph shows the 13 C CP-DNP build-up curves of the same glassy RRP (blue circles) and micro-particulate RFP (red squares). (d) 13 C-trapped state at 4.2 K. As the carbon-13 nuclei in the RFP are not in close contact with the paramagnetic radicals of the RRP, the hyperpolarized 13 C magnetization has a long lifetime T 1 ( 13 C) at 4.2 K. The graph shows the decay of the 13 C nuclear spin polarization at 4.2 K and 6.7 T in the same glassy RRP (blue circles) and micro-particulate RFP (red squares). levels of typically P( 13 C)410%, and with long lifetimes at 4.2 K of typically T 1 ( 13 C)45 h. We also show that due to the special nature of these states, the polarized sample can be removed from the DNP polarizer while preserving much of its polarization, in contrast to 13 C spins of metabolites dissolved in conventional glassy DNP samples and similar to silicon nanoparticles 25, 26 . The polarized sample can even be transported, and finally dissolved to the liquid state in a remote location. If the RRP is formulated to be hydrophobic, the hyperpolarized metabolites (that are invariably hydrophilic) can be easily separated from the PAs and any other contaminants during the dissolution process, yielding a pure hyperpolarized solution without the need for further purification 6, [27] [28] [29] [30] [31] .
Results
Overview. We show here that protons in particles of metabolites with diameters of a few micrometres are polarized at T ¼ 1.2 K and B 0 ¼ 6.7 T on a timescale of 30 min by DNP-assisted protonproton spin diffusion. CP is then used to transfer the polarization from the 1 H in the RFP to the 13 C spins of the metabolites. After the 13 C polarization has achieved a satisfactory level, the microwave irradiation is switched off and the sample temperature is increased from 1.2 to 4.2 K (ambient pressure), and the protons in both RRP and RFP phases relax towards thermal equilibrium within minutes. However, the 13 C spins are effectively isolated from both protons in the RFP and PAs in the RRP, and therefore can remain hyperpolarized for prolonged periods, typically for days at 4.2 K in a field of 6.7 T. Indeed, at this point, the 13 C hyperpolarization is trapped in the RFP because, first, there are no PAs acting as relaxing agents and, second, the 13 C hyperpolarization cannot efficiently diffuse out of the RFP, since 13 C-13 C spin diffusion is intrinsically two orders of magnitude slower than 1 H-1 H spin diffusion in the RFP, and is ineffective in the RRP since it is not isotopically 13 5 . More generally, any substrate that can be prepared in the form of a microparticulate powder is equally suitable for our method. Here powdered samples were ground by hand to an average particle diameter of 1odo10 mm, as determined by scanning electron microscopy (SEM; Fig. 1a ). Smaller particle diameters reduce the distance over which hyperpolarized 1 H magnetization needs to diffuse and accelerate the build-up rates.
The RRP consists of a glass-forming solution of PA chosen such that the RFP is not soluble in the RRP, such as 80 mM TEMPOL-benzoate in toluene/THF (v:v ¼ 8:2; see Methods for details on wet impregnation of the RFP with the RRP, including procedures to homogenize the distribution, and to fix the sample by freezing). We have not yet investigated bio-compatible solvents that could replace toluene. This DNP medium was chosen because, first, a proton polarization P( 1 H)450% can be achieved in o5 min at 1.2 K and 6.7 T (Fig. 1b) , second, none of the metabolites that we have tested are soluble in this mixture and, third, since the mixture is not soluble in water, it separates after dissolution. Other combinations of frozen glass-forming solvents and PA's are possible, and may turn out to be more effective. The DNP enhanced proton polarization can then be transferred to the 13 C spins in the RFP by 1 H-13 C CP at low temperatures 7, 8, 11, 12, 32 . Although our micro-particulate DNP sample formulation is drastically different from the usual glassy solutions, 1 H to 13 C by CP-DNP was performed in essentially the same manner. Figure 1c shows the stepwise build-up of the 13 Though these two 1 H-13 C CP build-up curves look similar, it is worth highlighting two major differences, first, the time between two consecutive CP contacts needs to be extended to allow proton-proton spin diffusion to carry the polarization into the RFP particles between CP steps (Dt CP ¼ 20 min in the twocomponent sample, instead of 5 min in the conventional glassy matrix) and, second, 13 C relaxation between CP contacts, which usually limits the 13 C build-up, is essentially absent in the microparticulate RFP because of the absence of contact with the PAs. These two new features imply that the 13 C polarization is slower to build-up, but can in principle achieve polarization levels as high as P( 13 C) ¼ P( 1 H).
Remote hyperpolarization. Extended hyperpolarization lifetimes.
The primary novelty associated with this new sample formulation resides in the markedly different 13 C spin-lattice relaxation times T 1 ( 13 C). The 13 C spins of metabolites dissolved in glassy matrices are inevitably in contact through electron-nuclear dipolar interactions with the PAs that act as paramagnetic relaxation centres. In the micro-particle formulation on the other hand, the 13 C spins of the RFP are physically separated from the PAs on a micrometre length scale that is much larger than that of the electron-nuclear dipolar interaction. Figure 1d shows how the spin-lattice relaxation time T 1 ( 13 C) of sodium [1-13 C]pyruvate can be markedly extended at 4.2 K and 6.7 T by switching from a glassy frozen solution, where T 1 ( 13 C) ¼ 20 min, to the micro-particulate sample, where T 1 ( 13 C) is extended to 37 h. We measured relaxation times exceeding 20 h in [1- 13 Sample transfer and storage. The paramagnetic-free environment in the RFP enables a marked extension of the nuclear spinlattice relaxation time T 1 ( 13 C). Transport to remote locations becomes possible provided that one uses a simple cryogenic transport device maintaining a small static magnetic field. This was demonstrated recently in the context of brute force hyperpolarization where neat [1-13 C]pyruvic acid was thermally polarized without PAs by cooling to 2 K in a field of 14 T (refs 34, 35) . Special care needs to be taken with regard to the magnetic field for sample shuttling out of the polarizer, so as to avoid excessive relaxation losses and low-field nuclear thermal mixing 36, 37 as recently illustrated by Peat et al. 26 To test the feasibility of our strategy towards transporting hyperpolarization, Fig. 2 34, 35 overcoming the fast relaxation arising from the presence of methyl groups and quadrupolar sodium nuclear spins in the vicinity of 13 C.
The feasibility of transfer and storage is demonstrated for a mixture of [ 13 C 3 , 15 N]alanine and [ 13 C 2 , 15 N]glycine powders impregnated with the RRP. For that purpose, we have upgraded our existing state-of-the-art DNP polarizer with a transfer, storage and transport system, as shown in Fig. 3 . The sample was polarized at 1.2 K in our polarizer (Fig. 1a,b) for 60 min, while three CP sequences were applied at 20, 40 and 60 minutes, leading to a polarization level P( 13 C)B15±5%. The sample was manually transferred out of the 6.7 T polarizer in a 40 mT magnetic field (Fig. 3c) and inserted into the magnetic insert of the cryogenic Dewar (1.0 T and 4.2 K; Fig. 3d,e) and stored for 16 h. No attempts were made so far to optimize the 13 C lifetimes during the waiting time of 16 h. Higher fields, lower temperatures, sample purification, oxygen removal and annealing of the RFP are expected to improve the lifetimes, as shown by Kempf et al., who reported T 1 ( 13 C)424 h at 6 K and 4 T in neat pyruvic acid after annealing 34, 35 . In this case, we used the sample without purification for this proof-of-concept experiment.
Dissolution. Following a 16-h hold, the sample was then dissolved directly from the transport Dewar following a previously described procedure 9 with 5 ml of pressurized heated water (420 K and 1 MPa). The resulting hyperpolarized solution was pushed through a magnetic tunnel 38 and injected into a 5-mm sample tube in a 500-MHz liquid-state NMR spectrometer. Figure 4a shows the hyperpolarized signal compared with thermal equilibrium, featuring enhancement factors e DNP ¼ 821 and 1728, corresponding to polarizations P( 13 C) ¼ 0.84% and 1.76% for alanine and glycine, respectively. In the dissolution product, we measured 13 C spin-lattice relaxation times T 1 ( 13 C) ¼ 26.3 and 34.9 s for alanine and glycine, respectively, which are typical for radical-free solutions (Fig. 4b) . This is explained by the fact that the PA used (TEMPOL-benzoate) is insoluble in water and therefore remains in the hydrophobic organic RRP phase that separates 28 from the aqueous phase, while the alanine and glycine readily dissolve in the aqueous phase. With our microparticulate sample formulation, the thermodynamics of dissolution is advantageous compared with water-based glassy solutions since, first, the heat capacity C P and latent heat of fusion (L V ) of organic solvents are significantly smaller than those of water and, second, the enthalpy of solution (DH soln ) of organic crystals is generally negative, so that dissolution is exothermic. Dissolution can therefore be performed with the existing dissolution devices 6, 9, 39, 40 , and possibly with a smaller dilution factor.
Discussion
This proof-of-concept experiment is not yet optimized, and the levels of polarization obtained after transfer, storage and dissolution are still about one order of magnitude below what can be achieved in conventional 'on-site' d-DNP in frozen glassy samples. The reasons for the lower polarization are multiple. First, DNP would be more efficient, typically by a factor two, if the particles were tailored to the right dimensions. Indeed, small particle diameters are critical to reduce the distance over which hyperpolarized 1 H magnetization needs to diffuse. Zirconia ball milling or other preparation methods could be envisaged, such as precipitation/crystallization from a saturated solution, co-crystallization, spray-drying, re-crystallization by solvent evaporation and so on.
Second, polarization losses above 10% are currently observed upon transfer of the sample to the cryogenic storage Dewar. This could be minimized if the transfer were done more rapidly, at a lower temperature and in a higher magnetic field.
Third, losses during storage and transport could possibly be minimized if the storage magnetic field were increased. As shown in Fig. 1d , polarization losses in sodium [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]pyruvate at 4.2 K and 6.7 T are only B40% over 16 h.
Finally, sample formulation could be further improved by a series of measures among which removal of traces of paramagnetic ions with suitable ligands, purification by re-crystallization, annealing, and deoxygenation to promote longer hyperpolarization lifetimes.
In conclusion, we have introduced a novel approach to dissolution DNP that uses samples with a micro-particulate architecture where substrates such as metabolites are physically separated from the PAs, the former in an RFP, the latter in an RRP. This enables the creation of 'trapped' hyperpolarized states by a combination of proton DNP in the RRP, proton-proton spin diffusion across the phase separation between the RRP and the RFP, and CP from 1 H to 13 C within the RFP. The lifetime T 1 ( 13 C) of the hyperpolarization P( 13 C) in the micro-particulate samples studied here ranges between 5 and 37 h. This approach enables the removal of a solid hyperpolarized by DNP from the polarizer, while preserving its polarization. This is reminiscent of samples that have been hyperpolarized by so-called brute force methods (that is, at much lower temperatures without radicals 32, 33 ), although DNP can be much faster and can achieve much higher polarization levels. We have demonstrated that one can store and transport hyperpolarized molecules to remote locations using a simple cryogenic transport device. Finally, we have shown how the micro-particulate samples can be dissolved in hot water so that the aqueous RFP is physically separated from the organic RRP. The resulting pure hyperpolarized solution of metabolites can in principle be used in any existing hyperpolarized in vivo or in vitro magnetic resonance experiment. With this new approach, the production of hyperpolarized molecules could in principle be scaled up, using dedicated highthroughput multiple-sample 25 Remote DNP apparatus. The system builds on our previously described DNP apparatus 9 that consists of a 6.7-T DNP polarizer equipped with a CP-DNP probe (Fig. 3a,b ) in which the sample changer tube (Fig. 3c) has been modified to accommodate a solenoidal coil (100 turns) so as to sustain a ca. 40 mT magnetic field during sample transfer (with 4 A current). After DNP was completed, the sample was manually transferred in ca. 10 s from the 6.7-T polarizer to a 1.0-T Halbach magnet in a liquid helium cryogenic transport Dewar (Fig. 3d,e) . Following a 16-h hold, the sample was dissolved in the storage Dewar in 700 ms with superheated water (5 ml at 420 K) and pushed through a magnetic tunnel 38 towards the 500-MHz spectrometer in 4.5 s, and injected in a 5-mm NMR tube in 2 s. This is to be compared with a thermal equilibrium signal (red line, 128 Â ) measured after complete relaxation of the 13 Dissolution experiments. Dissolution was performed as described elsewhere 39 by injecting 5 ml of D 2 O preheated to T ¼ 420 K at 1.0 MPa onto the powdered impregnated materials in 700 ms. The dissolved sample was then pushed in 4.5 s by helium gas with a pressure of 0.6 MPa through a 1.5-mm inner diameter polytetrafluoroethylene tube protected by a 0.9-T magnetic tunnel 38 to a homebuilt injector just above a 5-mm sample tube in a 11.7 T magnet (500 MHz for protons). The sample was then injected in ca. 2 s. The complete sequence of dissolution, transfer and injection takes B7.2 s. A series of 5°pulses was then applied to the 13 C nuclei at regular intervals (2-5 s).
Scanning electron microscopy. SEM was performed with a FEI XLF-30 SEM instrument at 10 kV accelerating voltage. An amount of 10 mg of finely ground RFP was placed on a film of conducting polymer attached to the sample holder. The sample was coated with 25 nm gold to ensure surface conductivity.
Data availability. The data that support the findings of this study are available from the corresponding author upon reasonable request.
